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The Strongylocentrotus purpuratus cyclophilin1 gene (Sp-cyp1) is expressed exclusively in skeletogenic mesenchyme cells of the embryo,
beginning in the micromere lineage of the early blastula stage and continuing after gastrulation during the syncytial deposition of the skeleton.
This gene encodes a protein which is a member of the peptidyl-prolyl cis–trans isomerase (PPIase) family. Sp-cyp1 is among the differentiation
genes activated in the skeletogenic territory as a terminal function of the endomesodermal gene regulatory network. Network perturbation analysis
had predicted the skeletogenic regulators Ets1 and Deadringer (Dri) to be its driver inputs. Here, we show that a 218-bp cis-regulatory DNA
fragment recapitulates skeletogenic Sp-cyp1 expression; that elimination of either Ets1 or Dri inputs severely depresses the activity of expression
constructs containing this DNA fragment; and that Ets1 and Dri target sites within the 218 bp fragment are required for normal expression. This
indicates that the predicted inputs are direct. Other studies indicate that the same inputs are evidently necessary for expression of several other
skeletogenic differentiation genes, and these genes probably constitute a skeletogenic gene battery, defined by its Ets plus Dri regulatory inputs.
© 2006 Elsevier Inc. All rights reserved.Keywords: cis-Regulatory module; Gene regulation; Gene regulatory network; Gene transfer; Perturbation analysisIntroduction
Specification of the skeletogenic territory of the sea urchin
embryo begins with the birth of its founder cells, the micromeres,
at 4th cleavage. The transcriptional cofactor β-catenin and the
maternally transcribed Otx transcription factor are localized
precociously in the nuclei of these cells and their immediate
descendants (Logan et al., 1999; Chuang et al., 1996), and these
inputs trigger the activation of the specification subnetwork of
transcriptional regulators which decides the identity of the
skeletogenic lineages. Key players in this subnetwork are the
wnt8 gene, which drives further β-catenin nuclearization; the
blimp1/krox gene, which provides a required input into the wnt8
gene; and most directly important, the pmar1 gene. The pmar1
gene is a target of the Otx regulator and is the unique essential
target of the β-catenin/Tcf transcriptional input in the skeleto-
genic micromeres (Davidson et al., 2002; Oliveri and Davidson,⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.02.0242004; Oliveri et al., 2002, 2003; Minokawa et al., 2005). The
pmar1 gene encodes a repressor which transcriptionally
inactivates a gene encoding a second, globally expressed
repressor, and this double repression subcircuit accounts directly
for the expression of a cohort of “specification regulators”
exclusively in the skeletogenic micromere lineage where pmar1
is for a few hours active. The specification regulators are ets1,
tbrain and alx1 (for original references and additional citations,
op. cit.). All three genes are expressed globally in embryos in
which pmar1 is translated ectopically following injection of
pmar1 mRNA into the egg, and indeed such embryos consist
essentially of blastomeres transformed to skeletogenic fate
(Oliveri et al., 2002, 2003). Downstream of the specification
regulators, there operates a second subnetwork, the function of
which is to cause the activation of further regulatory genes,
including the deadringer (dri) and foxb genes, which together
with ets1 and alx1, and the (at this stage) ubiquitously active
regulatory gene hnf6 (Otim et al., 2004), in various combinations
directly regulate the diverse skeletogenic differentiation genes.
These genes encode the proteins which generate the biomineral
skeleton, the distinctive embryonic structure produced after
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blastocoel. Expression of these skeletogenic genes is thus the
terminal output of the regulatory apparatus which controls first
the specification, and then the differentiation, of the micromere
lineage.
The temporal sequence of gene activations in this domain
parallels their causal sequence, though of course the actual
architecture of the regulatory subnetworks and of the differen-
tiation gene batteries is not transparent to temporal analysis by
itself. In Strongylocentrotus purpuratus, the micromeres are
born at about 5 h postfertilization; pmar1 is activated shortly
thereafter; the specification regulatory genes are on by about 8–
12 h; dri, an important downstream regulator of the differen-
tiation genes, is zygotically activated just before 12 h; and the
earliest of the differentiation genes begin to be expressed at
about 12 h, others becoming active at various times up to about
20 h (Amore et al., 2003; Oliveri et al., unpublished data; see
website op. cit.). Among the first of the differentiation genes to
become active is the subject of the present paper, the
cyclophilin1 (Sp-cyp1) gene. In these cells, the full suite of
differentiation functions is executed only at time of skeletal
matrix deposition, hours after ingression at 24 h. Note that
expression of differentiation genes long in advance of the actual
utilization of their translated products is a characteristic feature
of the Type 1 form of embryogenesis. This can be generally
described (Davidson, 2001, 2006) as one in which the gene
regulatory network controlling development of each territory of
the early embryo is relatively shallow; cell-type specification is
direct. The precocious expression of differentiation genes is an
index of establishment of the terminal regulatory state.
Following its initial activation, Sp-cyp1 continues to be
expressed in skeletogenic cells throughout development. Cyclo-
philin is a peptidyl-prolyl cis–trans isomerase (PPIase) enzyme.
These proteins function in many aspects of cell biology
(Fanghanel and Fischer, 2004; Galat, 2004; Galigniana et al.,
2004), including intracellular trafficking, secretion (Caroni et al.,
1991) and externalization of receptors (Pushkarsky et al., 2005).
In the extracellular domain, secreted cyclophilins enhance the
proliferation, migration and invasive behavior of cells (Yurchen-
ko et al., 2001, 2002; Kim et al., 2004). Which of these types of
function are required for skeletogenesis is unknown. The
skeletogenic cells are initially embedded in the blastula wall
and on ingression must undergo a transition mesenchymal state
(Fernandez-Serra et al., 2004). Thereafter, they undergo dramatic
changes in cell shape as they extend filopodia to establish contact
with one another and with the ectoderm, and they generate
intercellular syncytial connections. Skeletogenesis itself is a
secretory process (Ettensohn et al., 1997), in which cyclophilin
could be directly involved. The fact that the gene is expressed all
during the phase of active skeletogenesis, which continues after
the major period of cytological transformation through to the end
of embryogenesis at 72 h, indicates that at least one major role is
in the process of biomineral deposition and/or secretion.
We have no information on the transcriptional drivers of the
Sp-cyp1 gene after gastrulation and during the climax phase of
skeletogenesis. However, for the blastula-stage embryo, the
endomesoderm gene regulatory network affords the specificprediction that the inputs which cause the activation and
expression of this gene are the Ets1 and Dri transcription
factors. In this paper, we report a direct cis-regulatory test of this
prediction, the results of which imply a common mechanism of
regulation of several other known skeletogenic genes as well.
Materials and methods
Cloning of the Sp-cyp1 gene
A cDNA containing the full-length coding sequence of the Sp-cyp1 gene was
originally recovered in a differential library screen aimed at isolation of
skeletogenic mesenchyme-specific genes. Preparations of these cells were
obtained from mesenchyme blastula embryos (24 h) as “pmc bags” (Harkey and
Whiteley, 1980). RNAs were prepared from these and from the remaining cells
of the embryos. Radiolabeled cDNA probes representing skeletogenic and non-
skeletogenic mRNAs were then used to screen mesenchyme blastula (24 h) and
gastrula (40 h) arrayed cDNA clone library filters. The filters were assayed in a
Storm Phosphorimager (Molecular Dynamics). After computational comparison
(BioArray software), those cDNA clones displaying an enhanced skeletogenic
relative to non-skeletogenic signal were isolated. A cDNA clone containing the
complete ORF for a PPIase containing protein homologous to C. elegans
cyclophilin protein 6 (accession number U00051.1) was identified (clone
344M10, S. purpuratus, 40 h library). This was used to obtain a probe for
screening the S. purpuratus BAC library. A 122-kb clone was recovered that
contained the Sp-cyp1 gene (clone 14A23). The BAC clone was sequenced by
the DOE Joint Genome Institute. The sequence of the cDNAwas confirmed and
submitted to the NCBI gene bank (accession number DQ114395). Clone 14A23
was used as template for all the PCR reactions described in text. Clone 344M10
was also used to screen a Lytechinus variegatus BAC library in search for the
ortholog of Sp-cyp1 in that species.
Other methods
Procedures applied in this work for obtaining and handling embryos,
construct preparation, QPCR analysis, use of morpholino-substituted antisense
oligonucleotides (MASO), cis-regulatory analyses, injection of S. purpuratus
eggs and whole mount in situ hybridization have all been described in detail: see
Ransick (2004); Revilla-i-Domingo et al. (2004); Oliveri et al. (2002, 2003);
Yuh et al. (2002, 2004); Amore et al. (2003). Some minor modifications are
indicated here. The expression profile of Sp-cyp1 and the amount of GFP
transcription driven by the Y2–Y4 expression construct or its modified forms, at
the indicated developmental time points, were evaluated as follows. Expression
constructs were injected into fertilized eggs at a nominal concentration of 1500
molecules per 2 pl solution. 100–150 embryos were collected at each stage for
each time point and construct, and RNA was extracted using the reagents
provided in the Sigma Gene Elute mammalian total RNA kit. The RNA was
eluted in a final volume of 50 μl, of which 5 μl was used to calculate the
incorporation of the construct into genomic DNA, after a dilution of 1:10
following the procedure described by Revilla-i-Domingo et al. (2004). RNAwas
extracted from the remainder of each sample using the Turbo DNA-free kit
(Ambion, Austin, TX), following manufacturer's recommendations. The RNA
was cleaned using Sigma columns, and the eluted volume reduced to 20 μl.
Reverse transcription was performed on 10 μl using the TaqMan kit from
Applied Biosystems. The volume for the reverse transcription reaction was
25 μl, and the cDNA solution was diluted to the equivalent of 0.25 or 0.5
embryos per μl for QPCR analysis (each QPCR reaction contained the
equivalent of three or six embryos).
Results
The Sp-cyp1 gene
A diagram of the Sp-cyp1 gene is shown in Fig. 1A. The gene
contains four exons. The gene organization was derived by
Fig. 1. The Sp-cyp1 gene. (A) Diagrammatic representation of the Sp-cyp1 gene. The horizontal black line represents the genomic DNA, and red boxes represent the
exons (1 to 4). The bent arrow at exon 1 denotes the transcription start site. The PPIase domain is shown in yellow. (B) Alignment of the amino acid sequence of Sp-
cyp1 with that of seven other bilaterian PPIases, showing the conservation of the PPIase domain. Red amino acids indicate identity, green and blue amino acids, higher
and lower degrees of conservation (ClustalW analysis). The extent of each exon is represented below the sequence. Sequences used for alignment, and their accession
numbers, are: Bos taurus: NP776577 (Sonstegard et al., 2002); Homo sapiens: AY889937.1 (L. Hines et al., unpublished); Gallus gallus: NP990792 (Caroni et al.,
1991); Hemicentrotus pulcherrimus: P91791 (Ohta and Nakazawa, 1996); Tachipleus tridentatus: AB002814 (Takaki et al., 1997); Drosophila melanogaster:
NM137851.2 (Kaminker et al., 2002); Caenorabditis elegans: AAA91355 (The WormBase Consortium, 1998).
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the 14A23 BAC clone (see Materials and methods). The reading
frame begins within exon 1 and predicts a protein of 219 amino
acids. In Blastp searches, the Sp-cyp1 amino acid sequence
aligns with members of the peptidyl-prolyl cis–trans isomerase
(PPIase) protein family, as identified by the highly conservedPPIase domain. In the diagrams of Figs. 1A and B, the extent of
this domain is indicated by the yellow-colored box, extending
from inside exon 2 to exon 4. An alignment of Sp-cyp1 with
PPIases from seven different bilaterians is presented in Fig. 1B
to illustrate the conformity of this region of the sea urchin
protein with this highly conserved domain. PPIases are divided
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(FKBP); Pin1 homologues; and trigger factor homologues. Sp-
cyp1 was so named because of its closer similarity to the
cyclophilin members of the PPIase family (Blast e values are
below 10−50). The Sp-cyp1 gene is not the first PPIase gene
discovered in sea urchins as another cyclophilin gene was earlier
reported from Hemicentrotus pulcherrimus by Ohta and
Nakazawa (1996). The amino acid sequence it encodes is
included in the alignment of Fig. 1B.
To determine whether Sp-cyp1 is a member of a multigene
family, we searched the Baylor College of Medicine (BCM) sea
urchin genome database (http://www.hgsc.bcm.tmc.edu/projects/
seaurchin/) using the full-length Sp-cyp1 cDNA sequence. The
sequence of the cDNAwas first used in a Blastn search; in this
search, no sequence other than that of Sp-cyp1 was retrieved.
However, when the deduced amino acid sequence of Sp-cyp1
was used to search the sea urchin translated database (Tblastn
search), two other contigs were found: BCM contig 802987
(10,613 nt) and BCM contig 642670 (6453 nt). The translatable
portions of both contigs display the same homology with the
Sp-cyp1 protein at the amino acid level (85% similarity; 69%
identity). The region of homology is also the same for both
contigs: it corresponds to a significant portion of the PPIase
domain and it is highlighted in cyan in Fig. 1B. Outside this
region, no significant homology exists at the nucleotide level
between the two contigs or between each contig and the Sp-
cyp1 gene sequences. This indicates that the two contigs belongFig. 2. Whole mount in situ hybridization displaying specific expression of Sp-cyp1 in
Early blastula; (B) late blastula; (C) mesenchyme blastula, ingression in progress; (D
Arrowheads point to unstained skeletogenic mesenchyme cells; that is, some cells ato two different genes distinct from Sp-cyp1. Therefore, at least
three PPIase encoding genes should exist in the sea urchin
genome. Furthermore, several cyclophilin-like sequences have
been retrieved in a search for skeletogenic mesenchyme-
specific ESTs in an S. purpuratus cDNA library made
specifically from this material (Zhu et al., 2001). Ohta and
Nakazawa (1996) also suggested the presence of a multigene
cyclophilin gene family in Hemicentrotus.
Developmental expression of Sp-cyp1
The spatial expression pattern of Sp-cyp1 is presented in Fig.
2. Here, transcription of the gene is visualized by whole mount
in situ hybridization in the skeletogenic micromere descendants
at the vegetal pole of the embryo from around 15 h of
development (Fig. 2A). However, the initial activation of the
gene precedes this by as much as 3 h (see next section). Figs. 2A
and B show the accumulation of transcript in these cells during
the blastula stage. Expression of the gene is maintained in the
skeletogenic cells during ingression (Fig. 2C) and continues
thereafter (Fig. 2D). No staining was observed in any other
embryonic territory at any time.
Minimal Sp-cyp1 cis-regulatory module
To identify cis-regulatory modules responsible for the strictly
skeletogenic expression of the Sp-cyp1 gene, we first sought tothe skeletogenic lineages. Developmental times are indicated in each panel. (A)
) gastrula during skeletogenesis (the skeletal rods are dissolved during fixation).
ppear to be expressing Sp-cyp1 more than do others.
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et al., 2002; Brown et al., 2002). The complete sequence of a L.
variegatus BAC clone containing a similar gene (Lv-cyclophi-
lin) was obtained and compared with that of BAC clone 14A23
using FamilyRelations software (Brown et al., 2002). This
approach has been routinely implemented in our laboratory in
search for genomic DNA patches in the vicinity of orthologous
genes that have regulatory function and that are evolutionarily
conserved. In this case, however, no clearly distinguished
sequence patches conserved between Sp-cyp1 and Lv-cyclophi-
lin were found, at any setting of the program parameters. An
underlying difficulty that might easily account for this failure is
that, since there exist multiple cyclophilin genes and since these
are undefined in L. variegatus, we could not be certain that we
were comparing orthologous genes.
The alternative was a strategy of excerption, progressive
deletion and test. Portions of the Sp-cyp1 genomic DNA
upstream of the first exon were excised, incorporated in GFP
expression vectors and injected into eggs to determine if they
had the ability to drive specific skeletogenic GFP expression
during development. Initially, DNA segments of Sp-cyp1
extending upstream from the putative translation site, that is,
including the transcription start site and the basal promoter,
were joined directly with the GFP coding sequence by fusion
PCR (Hobert, 2002). Some of these constructs are represented
in Fig. 3A (Y1.65–Y4). After injection into zygotes, the activityFig. 3. Identification of a minimal Sp-cyp1 regulatory module. (A) Selected PCR con
fusion PCR. Here, upstream genomic DNA (black line) and the portion of the first ex
with the GFP coding sequence. To generate the remaining constructs, DNA region
endo16 basal promoter (Ep) is violet; the GFP coding sequence is indicated as a green
GFP coding sequence (not indicated). (B) Expression of GFP constructs at 24 h of de
scored; number of expressing embryos (and percentages); number of embryos expre
also ectopic expression); number of embryos expressing the constructs in ectopic loc
mark insignificant levels of expression.of the constructs was scored at 24 h. The results, summarized in
Fig. 3B, approximately defined the 5′ boundary of a minimal
Sp-cyp1 skeletogenic cis-regulatory module as coincident with
the 5′ end of the Y2 construct. To define the 3′ boundary,
internal deletions of Y1.65 and Y2 were tested. The last three
constructs shown in Fig. 3B (Y1.65–Y4Ep, Y1.65–Y3Ep and
Y2Y4Ep) are representative of a larger collection of constructs
used in this phase of the study. Here, the genomic DNA
segments indicated were cloned into our standard EpGFP vector
(Cameron et al., 2004), in which the endo16 promoter (Ep)
provides the basal transcriptional activity. Linear fragments
containing the complete constructs were generated by PCR and
injected into zygotes. These experiments identified Y2Y4, a
218 bp DNA fragment, as the smallest Sp-cyp1 regulatory
sequence that directs specific skeletogenic expression at about
the same levels as did the longer constructs tested earlier.
Scorings of live embryos were also performed at 20 h of
development (hatched blastula stage), 48 h (gastrula stage) and
72 h (pluteus stage), with identical results to those for 24 h in
Fig. 3B (data not shown). In all cases examined during this
analysis, ectopic expression of the constructs remained below
significant levels (Fig. 3B).
The expression of the Y2Y4-EpGFP construct in later
development is illustrated in Figs. 4A–D. Because of clonal
incorporation of the DNA constructs, GFP fluorescence is
initially seen only in some of the skeletogenic cells (Fig.structs used in this study. Expression constructs Y1.65 to Y4 were generated by
on from the transcriptional start site to the translational start site (red) were fused
s Y1.65–Y4, Y1.65–Y3 and Y2Y4 were cloned into the EpGFP plasmid. The
box. An SV40 polyadenylation signal sequence was present downstream of the
velopment. Columns indicate: name of the constructs used; number of embryos
ssing the constructs in skeletogenic cells (pmcs; irrespective of whether there is
ation; percentages of embryos expressing the constructs only in pmcs. Asterisks
Fig. 4. Expression of Y2Y4-EpGFP in sea urchin embryos at different stages. (A–D) Fluorescence images, superimposed on corresponding bright field images of live
embryos. Stage is indicated in hours: (A) mesenchyme blastula; (B) late gastrula, side view; (C) late gastrula, vegetal view; (D) pluteus. (E) Y2Y4-driven GFP
transcription is compared by QPCR to endogenous Sp-cyp1 transcription in the 5–36 h time period, in two batches of embryos (1 and 2). GFP mRNA content in the
various samples was normalized with respect to their exogenous DNA contents to remove fluctuations due to differing incorporation levels (Revilla-i-Domingo et al.,
2004). Note the ordinate log scale: accumulation of the endogenous Sp-cyp1 transcripts per embryo exceeds that of GFP mRNA by ∼10 fold. This could be due to
greater stability of the endogenous transcript or greater transcription rate or a combination of both. However, the relative kinetics of construct and endogenous gene
transcript accumulation are similar.
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one another, the GFP product diffuses to all of these cells
(Figs. 4B–D).
The kinetics of Y2Y4 construct expression are qualitatively
similar to those of the Sp-cyp1 gene, as shown in Fig. 4E. Here,
the output of the module is measured by real-time PCR as
accumulation of GFP transcripts and is compared in the same
embryos to the output of the endogenous gene. Two
independent batches of embryos were compared, differing to
a minor extent in the amount of both Sp-cyp1 and Y2Y4Ep-GFP
transcript. Neither mRNA is present in the embryos at 5 h of
development. Transcription of both is first detected at 12 h, andafter this time, their mRNAs similarly accumulate several fold.
In absolute terms, however, the endogenous gene is represented
by about 10 times more mRNA than is the Y2Y4 construct. In
the absence of measurements of Sp-cyp1 and GFP mRNA
turnover rates in these particular cells, this difference is not
directly interpretable nor is the number of incorporated copies
of the expression construct which is known to be active. In
quantitative terms, it nonetheless appears likely that the
construct does not suffice to provide the full level of activity
of the diploid Sp-cyp1 genes. However, Figs. 3B and 4 in its
entirety show that the minimal Y2Y4 module is able to interpret
correctly both the spatial inputs that confine the expression of
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temporal inputs that determine the general time course of
expression. For our purposes, this is sufficient for further test of
the regulatory causality predicted in the endomesoderm network
model.
Ets1 and Dri inputs into the Sp-cyp1 gene
Perturbation analyses carried out earlier led to the identifi-
cation of Ets1 and Dri transcription factors as the putative early
regulators of the Sp-cyp1 gene (for reviews, see Oliveri and
Davidson, 2004; Oliveri et al., 2002; QPCR perturbation data
are listed at http://www.its.caltech.edu/∼mirsky, “network”).
The following experiments were carried out at 19–21 h, when
both genes are expressed in the skeletogenic lineage and
expression of dri in these cells is at its peak. After this time, dri
transcription occurs only in the oral ectoderm (Amore et al.,Fig. 5. Demonstration of Ets1 and Dri inputs at the Sp-cyp1 node of the endomesoderm
map displaying the relative positions of these sites is shown at the top: green boxes
together with consensus target site sequences for each factor. Note that Ets1 site II is a
Bold capital letters denote nucleotides in functionally relevant positions. Nucleotid
consensus are indicated in red. Ets1 sites: the core trinucleotide identified by Consale
to their notation. Dri sites: “Dri consensus” and nucleotide numbering are accordin
construct (empty boxes) were tested for expression in gene transfer experiments as
measured by QPCR determination of GFP mRNA, are given as ΔCts with respect to
which it is most unlikely that experimental variations could explain the deviation from
text). Amounts of incorporated construct DNAwere measured in the same samples, a
to facilitate the comparisons. (J, K) Wild-type Y2Y4Ep-GFP construct injected into2003). Analysis of the Y2Y4 sequence reveals the presence of
three putative Ets1 and two possible Dri binding sites (Fig. 5A).
The boundary between Ets1 site III and Dri site I corresponds to
the 5′ boundary of construct Y3, which displays faulty
expression (Fig. 3B). The three Ets1 sites shown in Fig. 5A
are in the same orientation. Of the three, only site II perfectly
matches the Ets1 site characterized by Consales and Arnone
(2002), a site which is responsible for the transient expression of
the CyIIa gene in the skeletogenic lineages. Ets1 site I contains a
mutation in the core trinucleotide (GGG instead of GGA), while
Ets1 site III has a mutation in the nucleotide in the −4 position
(notation according to Consales and Arnone (2002), reproduced
in Fig. 5A). Of the two Dri sites present in Y2Y4, neither is a
perfect match to the consensus identified by Iwahara et al.
(2002). The first (site I) is in reverse orientation with respect to
the 5′–3′ direction of the coding sequence and deviates at
position 8 (notation according to Iwahara et al., 2002). Thegene regulatory network. (A) Ets1 and Dri target sites in the Y2Y4 sequence. A
, Ets1 sites; purple boxes, Dri sites. The sequence of each site is shown below,
perfect match with the Ets1 consensus indicated by Consales and Arnone (2002).
es conforming to consensus are in black, and those which do not match the
s and Arnone (2002) is underlined; numbers above the nucleotides are according
g to Iwahara et al. (2002). (B–I) Deletions of target sites in the Y2Y4Ep-GFP
described in text. Changes in the expression of GFP due to the deletions, as
wild-type controls. In these experiments the threshold of significance, beyond
control values, is conservatively taken as ΔCt = 1.7 (Davidson et al., 2002; see
nd the various samples were normalized according to incorporated DNA content
eggs together with Ets1 (J) or Dri (K) MASOs (red boxes enclosing sites).
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this consensus at position 10, according to Iwahara et al. (2002)
predicting a non-functional site.
Interference with Y2Y4Ep-GFP transcriptional output was
produced both by cis and trans perturbations of the Ets1
and Dri inputs, as shown in Figs. 5B–K. First, each Ets1 or
Dri site was deleted from the Y2Y4 sequence, singularly or
in combination. Second, the wild-type Y2Y4Ep-GFP con-
struct was coinjected with morpholino-substituted antisense
oligonucleotides (MASOs) to prevent translation of ets1 or
dri mRNA. After each injection, embryos were collected at
around 20 h of development to measure GFP expression,
and an extra aliquot of embryos from each injection was set
aside and scored later, to assess the spatial expression of the
constructs. In these experiments, all the constructs used
showed >90% accurate spatial expression. The accumulation
of GFP transcripts generated by the mutated versions was
measured by QPCR and compared to that produced by the
wild-type Y2Y4Ep-GFP, after normalization for differences
in DNA incorporation. In Figs. 5B–K, changes in level of
GFP transcript are expressed in terms of ΔCt (that is,
differences from control in the threshold cycle number (Ct)
caused by the mutation or MASO treatment, after correction
for the Ct of an endogenous standard in the same sample;
Davidson et al. (2002)). Negative values indicate a reduction
of GFP expression level. The corresponding numerical
decrease in GFP mRNA can be calculated as 1.94ΔCt as
each additional cycle needed to attain threshold represents
almost two-fold less initial transcript. Significant changes are
considered to be those where ΔCt > |1.7|; such a change
corresponds to a difference in transcript level equal to or
greater than three.
No deletion of a single Ets1 site significantly reduced Y2Y4
activity (Figs. 5B–D) nor did deletion of pairs of these sites
(Figs. 5E and F), but deletion of all three sites together did so,
depressing output to only 17% of control (average of the four
experiments of Fig. 5G). Therefore, all three Ets1 sites are
apparently functional, despite the deviations of Ets1 sites I and
III from the canonical sequence (Fig. 5A). Similarly, deletion of
Dri site I resulted in a significant reduction of Y2Y4 activity
(loss of 70% of control activity; Fig. 5H), but deletion of site II
had no effect. This result was consistent with the predicted non-
functionality of this site, and with the observation that even
when the entire portion downstream of Dri site I was deleted no
significant change in GFP expression was recorded (data not
shown).
The results of trans-interference with the same inputs, by
preventing ets1 or dri mRNA translation, are given in Figs. 5J
and K. In the best (i.e., simplest) of all worlds the consequences
of cis- and trans-interference with factor–target site interaction
should be similar. Such was in fact approximately the case:
Y2Y4Ep-GFP output was about 9% of control in the presence of
Ets1 MASO (vs. 17% in the ETS1 site deletions) and about 24%
in the presence of Dri MASO (vs. 30% in the Dri site deletion).
Consistent changes in the expression of the endogenous Sp-
cyp1 gene were observed as well in the MASO experiments
(data not shown).Overall, the experiments in Fig. 5 provide a validation for the
predicted Ets1 and Dri inputs into the Sp-cyp1 gene and indicate
that these inputs are mediated directly by cis-regulatory
interactions that occur within the minimal Y2Y4 control
module.
Discussion
Differentiation genes lie at the periphery of developmental
gene regulatory networks, and they are the only class of genes
in such networks which are solely recipients and not donors
of regulatory instructions to other genes (Arnone and
Davidson, 1997; Davidson, 2006; Davidson et al., 2002).
The Sp-cyp1 gene thus resides at the terminus of that portion
of the endomesoderm network which controls specification,
development and differentiation of the skeletogenic domain of
the sea urchin embryo. Network analysis indicated that the
driver inputs into the Sp-cyp1 gene are Ets1 and Dri; that is,
that these transcription factors would interact directly with its
cis-regulatory apparatus and would in combination be
necessary and sufficient to account for its skeletogenic
expression beginning at blastula stage. The primary result
of this work has been to demonstrate by isolation and
mutation of a minimal Sp-cyp1 cis-regulatory module that this
inference is correct. As usual, however, the cis-regulatory
analysis of Sp-cyp1 proved to be additionally revealing in
several ways.
The quality of the Sp-cyp1 control system reflects its position in
the network
In searching for the necessary cis-regulatory sequences
during the initial phase of this work, we never encountered
constructs which generated significant ectopic GFP expres-
sion, rather unusually for genes active in the early embryo
nor did any of the target site mutations we constructed
produce ectopic expression. The Sp-cyp1 gene thus responds
only to positive inputs, and its regulation does not depend on
spatial repression to limit its expression to the skeletogenic
domain of the embryo. In this property, Sp-cyp1 is similar to
several other terminal sea urchin embryo genes which are
controlled by compact regulatory modules (reviewed by
Arnone and Davidson, 1997; Arnone et al., 1998; Davidson,
2001). Unlike the control systems of the regulatory genes
that operate in upstream regions of the gene regulatory
network, the Y2Y4 DNA of Sp-cyp1 does not have to
perform the job of creating a new spatial domain of
expression. The rigidly confined expression of this gene
results from upstream logic operations, the outcome of which
is the presentation to the Y2Y4 module of already sharply
localized positive factors. As shown in Fig. 3E, GFP mRNA
generated from the Y2Y4Ep-GFP construct and endogenous
Sp-cyp1 mRNA are present at 12 h and, after this, the
endogenous Sp-cyp1 transcript level rises continuously up to
30 h when it levels off until after gastrulation. Sp-cyp1 is
one of the two earliest active of the known embryo
skeletogenic genes (the other is Sp-msp130L). The early
Fig. 6. Network architecture upstream of the Sp-cyp1 node at 20 h of
development.
563G. Amore, E.H. Davidson / Developmental Biology 293 (2006) 555–564activation of Sp-cyp1 reflects the relatively simple progres-
sion of the prior steps that lead to its activation: as briefly
summarized in Introduction, these are the operation of the
pmar1 specification system and the subsequent activation of
the ets1 and dri skeletogenic regulatory genes. In other
words, Sp-cyp1 is turned on when this immediately upstream
regulatory subcircuit has been set up, and the skeletogenic
regulatory state is established. This step identifies the point
where generation of new regulatory information stops to be
followed by the activation of a succession of skeletogenic
differentiation genes. The simplicity of this progression
illustrates once again the shallowness of the regulatory
circuitry in this Type 1 embryo (Davidson, 2001, 2006).
Input logic and mode of operation of the Y2Y4 regulatory
module
The dri gene is itself a target of ets1 as well as of another
skeletogenic regulatory gene which also responds to ets1, viz,
alx1 (Oliveri and Davidson, 2004). The experiments of Fig.
5 clearly demonstrate that Ets1 and Dri input separately into
the Y2Y4 region of the Sp-cyp1 gene, and this finding
excludes the possibility that the Ets1 input into Sp-cyp1
might be indirect via the input of Ets1 into the dri gene.
Instead, the architecture is the one shown in Fig. 6. With
respect to Sp-cyp1, this architecture includes a classic feed-
forward subcircuit (i.e., ets1 to cyp1; but also ets1 to dri; and
dri to cyp1). A major decrease in Y2Y4Ep-GFP transcription
is observed when either the Ets1 or the Dri input is removed,
by means either of cis or trans perturbation, and since the
output of the intact construct is much greater than the sum of
the outputs when either input is canceled experimentally
(Figs. 4G, I, J, K), both inputs are necessary and the
presence of one cannot compensate for the absence of the
other. Therefore, the Y2Y4 module operates on the two
inputs as an “AND” logic processor. This helps to explain
how the feed-forward architecture works functionally.
Occupancy of the Ets1 sites provides a necessary condition
for skeletogenic expression of Sp-cyp1 but only when the
exquisitely micromere-specific Dri1 input arrives, is normal
expression permitted. Thus, at the Sp-cyp1 target gene, the
feed-forward loop has a reinforcement function, mediated by
the AND logic of the regulatory system, both in terms of
quantitative output and in terms of regulatory accuracy. Ets1is initially maternal (Kurokawa et al., 1999; Oliveri et al.,
unpublished data), and only its zygotic output is micromere-
specific. However, expression of Alx1, the driver of dri
together with Ets1, is perfectly specific to the micromere
lineage due to the pmar1 double repression system (Oliveri
and Davidson, 2004; Oliveri et al., 2002). Therefore, at this
stage, dri expression is also perfectly micromere-lineage-
specific (later, under control of another cis-regulatory
module, dri is expressed only in oral ectoderm; Amore et
al., 2003). The basic timing of Sp-cyp1 activation is
consistent with the architecture of Fig. 6 as well. Thus, as
Bolouri and Davidson (2003) showed, from one step to the
next, a sequential gene cascade is likely to require 2 h or so
in the sea urchin embryo (15°C), and Sp-cyp1 activity is two
steps removed from zygotic activation of alx1 at about 7–9 h
(P. Oliveri et al., unpublished data).
An Ets-Dri skeletogenic gene battery
The endomesoderm gene regulatory network displays two
other skeletogenic genes which have both Ets1 and Dri
driver inputs, and no other lineage-specific inputs, viz. the
ficolin gene and the sm27 gene. These genes in addition use
inputs from the (at this stage) ubiquitous factor Hnf6, while
Sp-cyp1 does not respond to this factor (Otim et al., 2004).
However, since it is ubiquitous, this input cannot be
responsible for spatial specificity of gene expression. This
is not the only skeletogenic gene battery, as for example the
sm50 gene responds to the alx gene product as well as to
other drivers (Makabe et al., 1995; Kurokawa et al., 1999;
Oliveri and Davidson, 2004; Otim et al., 2004). A
“differentiation gene battery” is defined as a set of structural
genes which encode protein products required in a given cell
type, and which respond transcriptionally to common driver
inputs (Britten and Davidson, 1969; Arnone and Davidson,
1997; Davidson, 2001, 2006). The skeletogenic genes
downstream of Ets1 and Dri inputs constitute such a
differentiation gene battery, though because Ets1 is also a
driver of the dri gene, the possibility of indirect input into
sm27 and ficolin cannot be excluded without test. However,
given the discovery that these inputs are indeed direct in the
Sp-cyp1 gene, it is not unlikely that they are direct in ficolin
and sm27 as well.
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